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Genetic Analysis of the Mechanisms Controlling
Target Selection: Target-Derived Fasciclin II
Regulates the Pattern of Synapse Formation
Graeme W. Davis, Christoph M. Schuster,* and Goodman, 1994, Soc. Neurosci., abstract; Fam-
brough and Goodman, 1996; Desai et al., 1996; Kruegerand Corey S. Goodman²
et al., 1996). Once groups of motor axons enter theirHoward Hughes Medical Institute
appropriate target regions, their growth cones tran-Department of Molecular and Cell Biology
siently probe the surfacesof many neighboring muscles,University of California
withdraw most of these contacts, and form stable syn-Berkeley, California 94720
apses with one or at most a few of these muscles.
We are interested in understanding both the identity
of the molecules that control target selection in thisSummary
system and the logic of the molecular code used to
specify these targets. On the one hand, discrete targetIn Drosophila, motoneuron growth cones initially probe
selection in the Drosophila neuromuscular system mightmany potential muscle targets but later withdraw most
be specified in a rather hard-wired fashion, such thatof these contacts to form stereotypic synapses with
each motor axon and its appropriate target muscle mightonly one or a few muscles. Prior to synapse formation,
have unique and complementary molecular labels.Alter-Fasciclin II (Fas II) is expressed at low levelson muscle.
natively, the process might involve the combination ofDuring synapse formation, Fas II concentrates at the
multiple overlapping molecular cues, such that specific-synapse and disappears from the rest of the muscle.
ity emerges from a more dynamic and malleable pro-We previously showed that Fas II is required both pre-
cess. Instead of recognizing unique molecular labelsand postsynaptically for synaptic stabilization. Here,
on each target, growth cones might respond to bothwe show that the differential expression of target-
qualitative and quantitative molecular differences onderived Fas II has a profound influence on the pat-
neighboring target cells and make their decisions basedterning of synapse formation. A transient increase in
on the balance of attractive and repulsive forces.muscle Fas II stabilizes growth cone contacts and
Previous results lend support to the notion that targetleads to novel synapses that are functional and stable;
selection in this system is not entirely hard wired. Moto-targets that normally receive two inputs can now re-
neurons can synapse on alternate muscles when theirceive up to six inputs. Changing the relative levels of
normal muscle targets are ablated (Cash et al., 1992).Fas II on neighboring muscles leads to dramatic shifts
When motoneurons are misrouted or ablated, their unin-in target selection.
nervated muscle targets attract novel, stable synaptic
connections from motor axons innervating neighboring
muscles (Keshishian et al., 1994; Halfon et al., 1995).Introduction
Similarly, motoneurons that are misrouted by genetic
perturbations that alter choice-point navigation can ex-Neuronal growth cones probe the surfaces of many po-
tend into abnormal target regions and make stable syn-tential targets and make stable synapses with only a
aptic connections with inappropriate muscles (Lin andsubset of them (reviewed by Tessier-Lavigne and Good-
Goodman, 1994; Sink and Goodman, 1994, Soc. Neu-man, 1996). Some insights into the molecular mecha-
rosci., abstract; Fambrough and Goodman, 1996).nisms controlling one form of target recognition, dis-
A number of other genetic perturbations can also leadcrete target selection, have begun to emerge from
to changes in synaptic connectivity. Ectopic synapsesseveral systems, including the genetic analysis of the
are observed if neuronal activity is reduced by mutationsolfactory system of mice (e.g., Mombaerts et al., 1996)
in sodium channel subunits (Jarecki and Keshishian,and the genetic analysis of the neuromuscular system
1995), suggesting a role for activity in these dynamicof Drosophila.
interactions. A competition for muscle innervation isIn each abdominal hemisegment in the Drosophila
suggested by experiments that temporarily delay normalembryo, z40 motor axons select their specific targets
muscle innervation. In late bloomer (lbm) mutant em-from among 30 potential muscles. Each of these mus-
bryos, novel ectopic synapses form from neighboringcles has its own unique insertion site and innervation,
nerves (Kopczynski et al., 1996). However, these ectopicand each consists of only a single, large, multinucleate
synapses are later eliminated following the formation ofmuscle fiber. Muscle ablation and duplication experi-
the normal synaptic innervation.ments in grasshopper (Ball et al., 1985) and Drosophila
To date, the strongest candidates for target recogni-(Sink and Whitington, 1991; Cash et al., 1992; Chiba et
tion molecules in this system are the two Drosophilaal., 1993) have indicated that individual motor axons
Netrins (Netrin A and Netrin B), which are expressed bycan pick out their appropriate muscle targets with great
overlapping subsets of muscles (Mitchell et al., 1996).precision. Correct pathfinding decisions guide these
Embryos carrying a deletion of both genes as well asgrowth cones to their appropriate target regions, using
embryos mutant in the frazzled gene, which encodes aa variety of molecular mechanisms that are just begin-
homolog of the DCC/UNC-40 Netrin receptor (Kolodziejning to be elucidated (e.g., Van Vactor et al., 1993; Sink
et al., 1996), show partially penetrant defects (z35%) in
the projections of motor axons that normally innervate*Present address: Friedrich-Miescher Inst. der MPG, Spemann-
the four Netrin-expressing muscles 1, 2, 6, and 7 (Mitch-strasse 37±39, 72076 TuÈ bingen, Federal Republic of Germany.
²To whom correspondence should be addressed. ell et al., 1996; K. Mitchell, M. Winberg, and C. S. G.,
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unpublished data). Thus, the Netrins appear to function Results
as part of the normal targeting system for the motor
In thoracic and abdominal segments of the Drosophilaaxons that innervate the Netrin-expressing muscles.
embryo, motor axons exit the CNS in three main nerves:However, additional molecules must participate in spec-
the segmental nerve (SN), the intersegmental nerveifying these same connections, since in the absence of
(ISN), and the transverse nerve (TN). The two majorNetrins, muscles 6 and 7 receive normal innervation
motor nerves, the ISN and the SN, subsequently branchz65% of the time.
into five motor branches. Three primary branches ariseThree other genes are expressed by distinct subsets
from the ISN: the main ISN, which innervates the dorsalof muscles and may encode ligands involved in target
muscles; the ISNb (previously called the SNb but ac-recognition: Connectin and FasIII (which encode mem-
tually a branch of the ISN), which innervates the ventralbrane-anchored CAMs) and SemaII (which encodes a
longitudinal muscles; and the ISNd (previously called thesecreted semaphorin). However, loss-of-function muta-
SNd but actually a branch of the ISN), which innervatestions in these genes do not result in obvious defects in
the ventral oblique muscles. Two primary branches arisetarget selection, while ectopic expression of any of the
from the SN: the SNa, which innervates the lateral mus-three by inappropriate muscles does alter targeting
cles, and the SNc, which innervates the ventral external(Nose et al., 1992, 1994; Chiba et al., 1995; Matthes et
muscles. During embryonic stage early 16, growth conesal., 1995; Raghavan and White, 1997; Nose et al., 1997).
enter their target regions and explore the surfaces ofTaken together, these results suggest that discrete tar-
neighboring muscles, forming synapses during stageget selection in this system might not involve single
late 16 and stage early 17.unique labels but rather multiple, overlapping labels.
During this period of growth cone exploration andIn the present study, we use genetic analysis to show
synapse formation, Fas II, which is initially expressedthat the differential expression of Fasciclin II (Fas II) can
at high levels on the surface of motoneuron axons anddramatically alter the pattern and specificity of synapse
growth cones and at low levels on the surface of mus-formation in this system. Previous studies showed that
cles, becomes localized to the developing neuromuscu-Fas II, an NCAM-like cell adhesion molecule in Drosoph-
lar synapse (Schuster et al., 1996a). Fas II is not requiredila, functions to control fasciculation, defasciculation,
for the initial formation of synapses, but it is requiredand axon sorting during axon pathfinding (Lin and Good-
for their stabilization; in the absence of Fas II, theseman, 1994; Lin et al., 1994). More recently, we showed
synapses fail to grow and instead retract (Schuster etthat later in development, Fas II controls synaptic stabili-
al., 1996a). Apparently, in the absence of Fas II, anotherzation and growth and is required bothpre- and postsyn-
adhesion molecule must be sufficient for the initialaptically to carry out these functions (Schuster et al.,
events of synapse formation. Nevertheless, during syn-1996a). Prior to synapse formation, Fas II is expressed
apse formation, target-derived Fas II increases dramati-at high levels by all motoneuron growth cones and at
cally at the synapse and decreases over the rest of thelow levels by all muscles. During synapse formation,
muscle. We hypothesized that this dynamic, contact-Fas II concentrates at the synapse and disappears from
induced remodeling of Fas II expression plays an impor-the rest of the muscle. The results presented here sug-
tant role in the formation and patterning of synapses.gest that both the increase in Fas II at the synapse and
To test this hypothesis, we used the selective overex-the decrease in Fas II across the rest of the muscle
pression of Fas II to maintain higher levels of Fas II onplay major roles in controlling the pattern of synapse
muscles throughout the period of growth cone explora-formation.
tion and synapse formation and found that such an in-
We show that a transient increase in muscle Fas II
crease in muscle Fas II drives ectopic synapse for-
stabilizes growth cone contacts and leads to novel syn-
mation.
apses that are functional and stable. Targets that nor-
mally receive two inputs can now receive up to six
inputs. Changing the relative levels of Fas II on neigh- Muscle Overexpression of Fas II Alters
boring muscles leads to dramatic changes in target se- Synaptic Connectivity
lection. For example, by changing the relative levels of Overexpression of Fas II in muscle stabilizes novel, ec-
Fas II we can switch target selection by the RP5 motor topic synapses that persist into the third larval instar
axon, which normally innervates muscle 12, to synapse (Figure 1). In an initial series of experiments, Fas II (the
predominantly with muscle 13, or by the RP3 motor transmembrane, PEST1 isoform) was transgenically ex-
axon, which normally innervates both muscles 6 and 7, pressed in muscle, or muscle and nerve, by driving ex-
to synapse predominantly with muscle 6. We show that pression of a UAS-FasII fusion construct by any one of
there is a critical period for theability of Fas II to influence five independent Gal4 enhancer trap inserts (using the
target selection and synapse formation; expression dur- GAL4-UAS system originally devised by Brand and Per-
ing the period of growth cone exploration leads to dra- rimon, 1993). All of these Gal4 inserts drive expression
matic alterations in synapse formation, whereas expres- in muscle beginning no later than embryonic stage 13,
sion after this period regulates synaptic growth but has before synapse formation has been initiated (24B-Gal4;
little influence on specificity. These results support a B185-Gal4; C109-Gal4; E105-Gal4; H94-Gal4; Table 1).
model whereby growth cones select discrete targets in Fas II-dependent ectopic synapses are observed on all
this system by comparing the balance of molecular cues muscles that we have analyzed in detail including mus-
cles 6 and 7 (Figure 1B), muscles 12 and 13 (data noton neighboring cells.
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Figure 1. Ectopic Synapses are Stabilized by Overexpression of Fas II in Muscle
Synaptic boutons at the NMJ are visualized by immunostaining with anti-Synaptotagmin and anti-Fas II. This staining intensely labels synaptic
boutons and more lightly labels the motor-nerves.
(A) The wild-type third instar synapse at muscles 6 and 7 typically innervates these muscles from the cleft between the muscles and branches
in the central portion of the muscle fibers. The transverse nerve (TN), at left, normally does not innervate these muscles. Boutons of both type
1 big (from motoneuron RP3) and type 1 small (from MN 6/7) are normally observed at the muscle cleft.
(B) Overexpression of UAS-FasII in muscles 6 and 7 by C109-Gal4. Novel ectopic synapses can be observed originating from the transverse
nerve (TN) by both a centrally projecting peripheral (peripheral neuron; pn) axon and motor (mn) axons, as well as ectopic synapses originating
from the intersegmental nerve b (ISNb, formerly called the SNb but actually a branch of the ISN) synapse on adjacent muscle 13.
(C) The wild-type synapse on muscle 4 consists of type 1s and 1b boutons that originate from branches of the intersegmental nerve (ISN).
(D) Overexpression of UAS-FasII by H94-Gal4 in muscle 4. Ectopic synapses originate from branches of the segmental nerve a (SNa) from
muscle 8 and from branches of the ISN. Scale bar for (A) and (B), 40 mm; for (C) and (D), 30 mm.
shown), muscle 4 (Figure 1D), and muscles 3 and 2 synapses frequently originate as collateral branches
from the transverse nerve (TN; Figure 1B). Other ectopic(data not shown). For example, muscle 4 is normally
innervated by two motoneurons from the ISN that form synapses are frequently observed from novel branches
of the ISNb originating from axons that normally inner-glutamatergic type 1 big (1b) and type 1 small (1s) bou-
tons at stereotypic locations on the muscle surface (Fig- vate muscles 13 and 12 (Figures 1B, 2A, and 2B) and
perhaps from axons innervating other ventral musclesure 1C). In response to embryonic overexpression of
Fas II by muscle, ectopic synapses are observed on as well.
Several observations demonstrate that the overex-muscle 4 that frequently originate from the motor axon
innervating neighboring muscle 8, and they therefore pression of Fas II has indeed altered synaptic specificity,
in that the ectopic synapses are from axons that nor-form an ectopic collateral branch from the SNa that
normally would never synapse on muscle 4. Ectopic mally do not innervate these muscles. First, synaptic
contacts from axons in the TN are stabilized on musclesinnervation from the ISN is also observed on muscle 4,
as well as ectopic type II innervation that is not normally 6 and 7. The TN contains both motor axons that project
from the CNS out into the periphery and an axon frompresent in abdominal segments 3±5 (Figure 1D).
Muscles 6 and 7 are normally innervated by two moto- a peripheral neuron that projects toward and into the
CNS. The ectopic synapses from the TN onto musclesneurons (RP3 and MN 6/7, here called the common
exciter) that typically contact both muscles in the central 6 and 7 are likely to include both of these types of axons,
since in some segments the complete TN does not formregion of the cleft between these two muscles. RP3
forms the larger type 1b boutons, and MN 6/7 forms the but rather both the centrally projecting peripheral neu-
ron and motor axons stop and synapse on muscles 6visibly smaller type 1s boutons (Figure 1A; Kurdiak et
al., 1995). In segment A2 but not other segments, type and 7, without joining up to form a complete nerve (Fig-
ure 1B).II boutons, which are primarily peptidergic, are occa-
sionally observed. Embryonic overexpression of Fas II Second, of the two motoneurons that normally inner-
vate muscles 6 and 7, one (RP3) selectively innervatesin all muscles stabilizes ectopic synapses at muscles 6
and 7 that originate from a variety of nerves and consist only muscles 6 and 7, while the second (MN 6/7) is
a common exciter that innervates a large number ofof both axons from a centrally projecting peripheral neu-
ron, as well as novel motoneuron projections. Ectopic muscles, including at least muscles 6, 7, 12, and 13
Neuron
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Table 1. Fasciclin II Drives Ectopic Synapse Formation
Genotype Gal-4 Expression % Segments with Ectopic Synapses
muscle 6 muscle 7 n
Wild type (CS) 1.2% 1.2% 165
UAS-FasII 2.3% 1.4% 351
24B-Gal4 all muscles, E13-L3 2.8% 5.1% 214
UAS-FasII; 24B-Gal4 68.8%* 28.7%* 222
E105-Gal4 all muscles, E13-L3 1.4% 1.4% 70
UAS-FasII; E105-Gal4 39.0%* 37.1%* 110
B185-Gal4 all muscles and motoneurons 1.9% 1.4% 213
UAS-FasII; B185-Gal4 E13-L3 73.4%* 23.6%* 293
H94-Gal4 muscles 4, 6, 13 and motoneurons 3.8% 2.1% 72
UAS-FasII; H94-Gall4 in SN and ISN E13-E17 62.0%* 3.0% 236
MHC-Gal4 all muscles L1-L3 1.1% 2.3% 128
UAS-FasII; MHC-Gal4 2.6% 3.8% 147
elav-Gal4 all neurons E13-L3 1.6% 1.1% 76
UAS-FasII; elav-Gal4 4.8% 0 83
elav-Gal43E1 all neurons E13-L3 2.0% 0.6% 148
UAS-FasII; elav-Gal43E1 2.9% 0.7% 136
elav-Gal4/UAS-FasII; all muscle-L1-L3 and
MHC-Gal4 all neurons E13-L3 1.1% 1.0% 179
Abbreviations: embryonic developmental stage (E); larval stages 1±3 (L1±3); segmental nerve (SN); intersegmental nerve (ISN); canton S wild
type Drosophila genotype (CS); number of segments analyzed (n), segments A2±A5 with an average of z7 segments scored in a single animal.
Statistical differences from CS and the control lines UAS-FasII and each Gal-4 insert (*) as determined by the Student's t test (p # 0.001).
(Keshishian et al., 1994) and potentially muscle 4 (G. W. type 1b and type 1s synaptic boutons (Figure 2A). In
Figure 2B, we show an example of an ectopic synapse,Davis, unpublished data). We therefore needed to ad-
dress whether the ectopic synapses on muscle 6 from consisting of only type 1b boutons, that clearly origi-
nates as a branch of the muscle-specific type 1b contactaxons innervating muscle 13 represented reinnervation
of muscle 6 by another branch of the common exciter to muscle 13. Thus, the ectopic synapses from axons
innervating neighboring muscles are not simply rein-or, alternatively, innervation of muscle 6 by a motoneu-
ron (e.g., RP1) that normally does not innervate muscle nervations of muscle 6 at novel locations by the common
exciter (MN 6/7) but rather represent the novel and inap-6. Fortunately, synapses originating from the common
exciter (MN 6/7) can be identified, because this moto- propriate rewiring of synaptic connectivity.
neuron forms type 1s boutons that can be distinguished
from the type 1b boutons formed by the muscle specific A Critical Period for Synaptic Rearrangement
motoneurons RP3, RP1, and RP5, as well as other mus- by Fas II
cle specific motoneurons (Figure 2). The Fas II-depen- We have defined a critical period for the stabilization of
dent ectopic synapses on muscles 6 and 7 contain both
these novel, ectopic synapses. Fas II overexpression in
muscle alone, or in muscle and nerve during the period
of growth cone exploration and synapse formation,
causes a dramatic increase in ectopic synapse forma-
tion above the three types of control strains: wild type,
UAS-FasII alone, or each Gal4 insert alone. In one set
of experiments, we scored for the presence of ectopic
synapses in segments A2±A5 of wall-climbing third in-
star larvae. Ectopic synapses were defined as strings
of boutons that clearly contact muscle 6 or 7 and that
originate from axons other than the normal innervation
from the ISNb that branches in the cleft between mus-
cles 6 and 7 (excluding the type II boutons in segment
A2). Ectopic synapses are very rare at the wild-type third
instar neuromuscular junction (NMJ), being present in
only 1.2% of muscles 6 and 7 examined in all segmentsFigure 2. Ectopic Synapses Are Composed of Both Type 1b and
(Table 1). When Fas II is overexpressed in muscle duringType 1s Boutons
the period of synapse formation, there is a dramatic(A) Ectopic synapses at muscle 6 originate from the synapse on
neighboring muscle 13 and consist of both type 1b and 1s boutons. increase in the number of segments with ectopic syn-
(B) A magnified view of the dorsal edge of muscle 6 and the ventral apses at muscles 6 and 7 (as many as 68.8% of seg-
edge of muscle 13. The synapse containing type 1b boutons on ments using the GAL4 drivers 24B-Gal4 or E105-Gal4;
muscle 13 clearly branches back to form a novel, ectopic synapse Table 1). A similar increase in ectopic synapse formation
with muscle 6. UAS-FasII expression in (A) and (B) is driven by
is observed when Fas II is overexpressed in both muscleH94-Gal4 that expresses in a subset of muscles and motoneurons.
and nerve during the period of synapse formation (usingSynaptic boutons are visualized by double staining with anti-Synap-
totagmin and anti-Fas II. the GAL4 drivers B185-Gal4 or H94-Gal4). However, it
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Table 2. Fasciclin II Is Required Pre- and Postsynaptically for Ectopic Synapse Formation
Genotype % Ectopic Synapses ISN or SN % Ectopic Synapses TN n
muscle 6 muscle 7 muscle 6
Wild type (CS) 1.2% 1.4% 0.2% 165
UAS-FasII 2.3% 3.0% 2.0% 351
UAS-FasII; H94-Gal4 62%* 1% 43%* 236
FasIIeB112; UAS-FasII; 20%* 0 6% 86
H94-Gal4
FasIIe76; UAS-FasII; 76%* 1% 32%* 84
H94-Gal4
FasIIe76; UAS-FasII 2% 3% 3% 150
FasIIe76 2% 2% 5% 97
Abbreviations: intersegmental nerve (ISN); segmental nerve (SN); transverse nerve (TN); number of segments scored (n); statistically significant
differences are starred (*; Student's t test p # 0.01). FasIIeB112 is a null mutant; FasIIe76 is a hypomorphic allele that expresses z10% wild-type
protein.
is the muscle expression of Fas II that drives ectopic to stage 17, during theperiod of growth cone exploration
and synapse formation (Figure 3). When Fas II is overex-synapse formation, since elevation of Fas II in all neurons
(including motoneurons) by elav-Gal4 during synapse pressed using the H94-Gal4 driver and the UAS-FasII
reporter, ectopic synapses are observed at only theseformation does not increase ectopic synapse formation.
In another set of experiments, we scored for the pres- three muscles. For example, in UAS-FasII; H94-Gal4 lar-
vae there is a high probability (62% of segments) ofence of ectopic synapses from the TN onto muscle 6 in
segments A2±A5 in embryos of stage 16 and 17 using observing ectopic synapses at muscle 6 that expresses
increased Fas II but not at the adjacent muscle 7, whichthe GAL4 driver H94-Gal4. In control embryos, we ob-
served 7% ectopic synapses at this stage (n 5 115). expresses wild-type levels (3% of segments; Table 1;
Figure 3C). H94-Gal4 also promotes Fas II expressionThis number is consistent with previous studies (Kop-
czynski et al., 1996), which showed that the ectopic in muscle 4, and ectopic synapses are similarly abun-
dant at this muscle (Figure 1). A similar result is observedsynapses in wild-type embryos are usually transient,
decreasing to 1%±3% by the third instar. In contrast, in when Fas II is overexpressed by E105-Gal4, which drives
UAS-FasII; H94-Gal4 embryos, we observed 33% ec-
topic synapses from the TN onto muscle 6 at this stage
(n 5 113). These Fas II-induced ectopic synapses persist
into the third instar; in a different experiment, we ob-
served 43% ectopic synapses in third instar larvae of
the same genotype (see Table 2). This suggests that the
majority of Fas II-induced ectopic synapses form during
the period of growth cone exploration and synapse for-
mation in the embryo and persist throughout larval life.
Muscle overexpression of Fas II must occur during
the process of growth cone exploration and synapse
formation to induce ectopic synapse formation. MHC82-
Gal4promotes Fas II expression in larval muscleat levels
comparable to 24B-Gal4 and B185-Gal4 and at higher
levels than E105-Gal4 and H94-Gal4 (data not shown).
However, MHC82-Gal4 does not promote Fas II expres-
sion until after initial synapse formation is complete and
does not induce ectopic synapse formation. This result
has been confirmed with a second independent MHC- Figure 3. Ectopic Synapses Can Be Stabilized in a Muscle-Specific
Gal4 insert (MHC5-Gal4). Thus, there is a critical period Fashion
during the process of synapse formation when Fas II H94-Gal4 promotes UAS-FasII expression only in muscles 6, 13,
and 4.overexpression in muscle is able to stabilize novel, ec-
(A) UAS-FasII expression driven by H94-Gal4 is present in muscletopic synapses that then persist throughout larval devel-
6 but not muscle 7 at the embryonic stage 16 NMJ stained withopment.
anti-Fas II. In this example, a collateral from the transverse nerve
is present on muscle 6 (arrow, TN).
(B) UAS-FasII expression by H94-Gal4 also promotes expression inEctopic Synapse Formation Can Be Driven
muscle 13 but not neighboring muscle 12 at the embryonic stagein a Muscle-Specific Fashion
16 NMJ stained with anti-Fas II.Expression of Fas II in subsets of muscles demonstrates
(C) UAS-FasII/H94-Gal4 third instar neuromuscular synapse at mus-that Fas II can direct ectopic synapse formation in a
cles 6 and 7 stainedwith anti-Fas II and anti-Synaptotagmin. Ectopic
muscle-specific fashion. H94-Gal4 drives strong expres- synapses are present on muscle 6 that originate as collateral
sion in muscles 6, 13, and 4 (but no others, including branches from the transverse nerve (Ectopic TN) and the interseg-
mental nerve (ISNb) synapse on muscle 13 (Ectopic ISNb).neighboring muscles 7 and 12) from embryonic stage 13
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highly in muscles 6 and 7. In this case, ectopic synapses a reduced level (20% of segments). However, we no
longer observe a significant percentage of ectopic syn-are observed with a high probability on these two mus-
cles (Table 1). apses from the TN that expresses no Fas II under these
conditions (6% of segments). We repeated this experi-
ment in a FasII hypomorphic background (FasIIe76, whichDifferential Expression of Fas II Dramatically
produces z10% wild-type Fas II) to determine whetherAlters Target Selection
a reduction of presynaptic Fas II would reduce the stabi-The differential levels of Fas II expression can have a
lization of ectopic synapses from the TN. In this experi-profound influence on the choice of synaptic partner.
ment, ectopic synapses from the TN are present in 32%By changing the relative levels of Fas II, we can switch
of segments, which is significantly less frequent thanthe RP5 motor axon from synapsing on muscle 12 to
that observed when UAS-FasII is driven by H94-Gal4 inmuscle 13 and the RP3 motor axons from synapsing on
a wild-type FasII background (43% of segments; p ,both muscles 6 and 7 to predominantly on muscle 6
0.01). Thus, presynaptic Fas II is required for the stabili-(Figures 4D and 4E). We achieved this dramatic alter-
zation of ectopic synaptic connections, consistent withation in synaptic specificity by increasing the levels of
previous results demonstrating that Fas II is requiredFas II on muscles 6 and 13 using the H94-Gal4 transgene
both pre- and postsynaptically for the stabilization ofto drive the expression of UAS-FasII in either a wild-
the neuromuscular synapse.type background or in a FasIIe76 genetic background in
which all other muscles have only 10% their normal
levels of Fas II. This second experimental condition in- Ectopic Synapses Are Functional
Electrophysiological recordings from single synapticcreases the proportional difference in Fas II expression
between the neighboring muscles. boutons demonstrate that the Fas II-dependent ectopic
synapses are functional. Evoked extracellular excitatoryIn many instances using the UAS-FasII; H94-Gal4
transgenes in the FasIIe76 background, it appears that junctional potentials (EJPs) were recorded from single
boutons during nerve stimulation. Extracellular EJPsthe abnormal RP5 synapse on muscle 13 grows to the
junction between muscles 13 and 12 and then turns to were routinely recorded from ectopic boutons during
nerve stimulation, thus demonstrating that ectopic syn-grow along this boundary, failing to innervate muscle
12 (Figure 4E). Thus, the proportional difference in Fas apses are functional (Figure 5). This is consistent with
the immunolocalization of Synaptotagmin to ectopicII expression between neighboring muscles can dramat-
ically influence target selection. boutons, indicating that the transmitter release machin-
ery is present. Whole-cell voltage-clamp recordingsTo determine whether these differences in target se-
lection are indicative of differential synapse formation from muscle 6 also indicate that the ectopic synapses
participate in the depolarization of muscle 6. In wildin the late embryo or differential synaptic growth during
larval stages (see below), we quantified the relative dis- type, it is often observed that two discrete units can be
recruited by gradually increasing the stimulus strengthtribution of boutons between muscles 13 and 12 in the
UAS-FasII; H94-Gal4 genotype inearly first larval instars. while recording from muscle 6 (Kurdiak et al., 1995). This
is consistent with the sequential recruitment of the twoAt this stage, boutons are first clearly observable by the
light microscope. In control first instars, we observed motoneurons (RP3 and MN 6/7) that have been shown
anatomically to innervate this muscle. A similar analysis42% of boutons on muscle 13 and 58% of boutons on
muscle 12 (n 5 15). In contrast, in UAS-FasII; H94-Gal4 of ectopically innervated muscle 6 reveals that there
are generally more than 2 and as many as 6 discretefirst instars, we observed 55% of boutons on muscle 13
and 45% of boutons on muscle 12 (n 5 16). These results thresholds that can berecruited (Figure 5).This indicates
that ectopic synapses functionally innervate muscle 6.indicate that the bias in target selection is already pres-
ent shortly after synapse formation.
Differential Fas II Expression Controls
Synaptic GrowthPre- and Postsynaptic Fas II Are Required
for Ectopic Synapse Formation The differential levels of Fas II expression not only influ-
ence the stabilization of novel synaptic connections butWe previously demonstrated that Fas II expression is
required both pre- and postsynaptically for the stabiliza- also appear to regulate the further growth of these syn-
apses. Here, we demonstrate that motoneurons, whention of the neuromuscular synapse. To test whether pre-
synaptic Fas II is essential for the stabilization of ectopic confronted with two targets that express very different
levels of Fas II, will bias not only their synapse formationsynapses, we overexpressed Fas II by H94-Gal4 in a
FasII null background (FasIIeB112). H94-Gal4 expresses at but also their postembryonic synaptic growth toward
the target that expresses higher levels of Fas II.high levels in muscles 6, 13, and 4, as well as in the
motoneurons of the ISN and SN, but not in motoneurons Two motoneurons each normally innervate muscles
6 and 7 (RP3 and MN 6/7). When Fas II is overexpressedof the TN. Normally, expression of UAS-FasII by H94-
Gal4 directs the formation of ectopic synapses from in muscle 6 but not in muscle 7 in UAS-FasII; H94-Gal4
larvae, these motoneurons are confronted with musclethe TN at muscle 6 in 43% of segments, while ectopic
synapses from the ISN or SN are observed in 62% of targets that express very different levels of Fas II (Figure
3A). We quantified synaptic growth by counting the syn-segments (Table 2). When UAS-FasII is driven by H94-
Gal4 in the FasII null background, ectopic synapses are aptic boutons that contact either muscle 6 or muscle 7
at the third instar NMJ. Ultrastructural analysis demon-still observed from branches of the ISN and SN (that
express Fas II as driven by the transgenes), although at strates that single boutons can contact both muscles
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Figure 4. Differential Fas II Expression Directs Both Synapse Formation and Growth
(A) An example of the wild-type innervation of muscles 6 and 7.
(B) Overexpression of UAS-FasII in muscle 6 but not muscle 7 by H94-Gal4 in the FasIIe76 mutant background. Muscle 6 receives overexpression
of Fas II, while muscle 7 expresses only z10% of wild-type Fas II protein.
(C) Quantification of the distribution of synaptic boutons between muscles 6 and 7 for RP3 and MN 6/7 (ectopic synaptic boutons are excluded
from this analysis). Bouton number at muscle 6 or 7 is expressed as a percent of the total number of boutons in the muscle cleft. There is
no significant difference in the distribution of synaptic boutons between muscles 6 and 7 comparing wild type, UAS-FasII alone, and H94-
Gal4 alone. At UAS-FasII; H94-Gal4 synapses, where Fas II is overexpressed in muscle 6, not 7, there is a significant (p , 0.001; Student's t
test) increase in the percentage of boutons contacting muscle 6 and a concomitant reduction in the percentage of boutons contacting muscle
7 (p , 0.001). Expression of Fas II in muscle 6 by H94-Gal4 in the FasIIe76 mutant background (Fas IIe76; UAS-FasII; H94-Gal4) significantly
increases the biased growth onto muscle 6 above UAS-FasII; H94-Gal4 and significantly reduces the percentage of synapses contacting
muscle 7 (p , 0.001).
(D) An example of the wild type-innervation of muscles 12 and 13 showing the characteristic ªfan-likeº motoneuron arborization on muscle 12.
(E) Expression of Fas II in muscle 13, not 12, by H94-Gal4 in the FasIIe76 background (FasIIe76; UAS-FasII; H94-Gal4). The motoneurons arborize
almost exclusively on muscle 13.
(F) Quantification of bouton number at muscles 12 and 13. There is no significant difference in the distribution of synaptic boutons between
muscles 12 and 13 comparing wild type, UAS-FasII alone, and H94-Gal4 alone. At UAS-FasII; H94-Gal4 synapses, where Fas II is overexpressed
in muscle 13 but not muscle 12, there is a significant (p , 0.001; Student's t test) increase in the number of boutons contacting muscle 13
and a reduction in the number of boutons contacting muscle 12 (p , 0.001). Expression of Fas II in muscle 13 by H94-Gal4 in the FasIIe76
mutant background (FasIIe76; UAS-FasII; H94-Gal4) significantly increases the biased growth onto muscle 13 above UAS-FasII; H94-Gal4 and
significantly reduces the percentage of synapses contacting muscle 12 (p , 0.001). To control for Fas II expression, we quantified bouton
distributions when Fas II is overexpressed in all muscle (UAS-FasII; MHC-Gal4) or all muscle and motoneuron (UAS-FasII/elav-Gal4; MHC-
Gal4). There was no significant difference from wild type in these counts. Boutons were distributed 62.6% 6 2%:37.4% 6 2% between
muscles 6 and 7 in UAS-FasII; MHC-Gal4 (n 5 17) and 59.1% 6 1%:40.9% 6 1% between muscles 6 and 7 in UAS-FasII/elav-Gal4; MHC-
Gal4 (n 5 15). There is also no significant difference in the distribution of boutons between muscles 12 and 13 in these controls. Bouton
numbers were 62.4 6 4:36.2 6 3 at muscles 12 and 13 in UAS-FasII; MHC-Gal4 (n 5 17) and 73.8 6 5:43.4 6 4 at muscles 12 and 13 in UAS-
FasII/elav-Gal4; MHC-Gal4 (n 5 15).
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Figure 5. Ectopic Synapses on Muscle 6 Are
Functional
(A) Whole-cell voltage-clamp recording from
muscle 6 at the third instar neuromuscular
synapse during stimulation of the cut motor
nerve. Gradually increasing stimulus strength
generally recruits two clearly separable thresh-
olds of excitation. At muscles receiving ec-
topic innervation, there are generally more
than two separable thresholds and as many
as six.
(B) Extracellular recordings from single syn-
aptic boutons on the surface of muscle 6.
These recordings assayed the function of sin-
gle boutons from wild-type synapses (wt) at
the cleft between muscles 6 and 7 and from
ectopic synapses contacting the dorsal side
of muscle 6 in UAS-FasII/24B-Gal4 animals
(UAS-FasII/24B-Gal4).
6 and 7, and therefore boutons that were in a position expression in muscle 13 but not in the adjacent muscle
12 (Figure 3B). During normal axon outgrowth, growthto contact both muscles were included in the counts
for each muscles. The number of boutons contacting cones that are targeted to muscle 12 must first grow
over muscle 13 before synapsing selectively with muscleeach individual muscle is represented as a percentage
of the total number of boutons at muscles 6 and 7. 12. When Fas II is elevated on muscle 13, the synapse
is preferentially stabilized and develops on muscle 13Chains of ectopic boutons can be unambiguously identi-
fied in these preparations, and were not included in rather than on muscle 12. In these experiments, the
absolute number of boutons contacting each musclethis analysis.
In wild type, synaptic boutons are distributed z60%: is tabulated since different motoneurons contact each
muscle fiber (Figure 6F). As described above, in UAS-40% between muscles 6 and 7, respectively. A nearly
identical 60%:40% distribution of synaptic boutons is FasII; H94-Gal4 first instars, synaptic boutons were dis-
tributed 55%:45% for muscles 13 and 12 (compared toobserved inH94-Gal4/1 larvae or in UAS-FasII/1 larvae,
demonstrating that this aspect of synaptic development 42%:58% in controls). By third instar, these differences
in UAS-FasII; H94-Gal4 are even more pronounced, in-is highly reproducible. This distribution of motoneuron
boutons reflects the difference in muscle volume be- creasing to 68%:32% for muscles 13 and 12 (shown
here as percentages for comparison with first instartween muscles 6 and 7, suggesting that the distribution
of synaptic boutons is normally coupled to postsynaptic numbers). These results indicate that although the bias
in target selection is already present shortly after syn-growth in order to ensure depolarization of the muscle
fibers. apse formation, this bias nevertheless becomes further
accentuated by differential growth during larval stages.This normal synaptic growth is significantly biased
onto muscle 6 by expression of Fas II selectively on When the proportional differences in levels of Fas II
between muscles 13 and 12 are further enhanced bymuscle 6, such that synaptic boutons are distributed
z70%:30% between muscles 6 and 7, respectively (Fig- overexpression of Fas II in the FasIIe76 background, the
preferential growth and synapse formation on muscleure 4C; p , 0.001). Thus, overexpression of Fas II on
muscle 6 draws synaptic growth away from the adjacent 13 is also enhanced (Figure 4F). Again, as a control,
overexpression of Fas II on all muscle or muscle andmuscle 7. Enhancing the proportional difference in
levels of Fas II between muscles 6 and 7 by expression nerve does not alter the distribution of boutons between
muscles 12 and 13 (Figure 4 legend). Thus, differentialof UAS-FasII by H94-Gal4 in the FasIIe76 background
(z10% wild-type Fas II on muscle 7 versus overex- expression of Fas II on neighboring muscles dramati-
cally influences the postembryonic growth of these syn-pressed Fas II on muscle 6) significantly increases the
biased synaptic growth onto muscle 6. In these experi- apses in addition to influencing the embryonic pattern
of connections.ments, synaptic boutons are distributed 78%:22% be-
tween muscles 6 and 7, respectively (Figures 4A±4C).
As controls, we find that overexpression of Fas II in all Discussion
muscle by MHC-Gal4 or in all muscle and motoneurons
by MHC-Gal4; elav-Gal4 does not alter the wild type In this paper, we have shown that the differential expres-
sion of the cell adhesion molecule Fas II on potentialdistribution of boutons between muscles6 and 7 (62.6%:
37.4% for muscles 6 and 7 in UAS-FasII; MHC-Gal4 and target cells during the period of growth cone exploration
can profoundly influence the pattern of synapse forma-59.1%:40.9% for muscles 6 and 7 in UAS-FasII/elav-
Gal4; MHC-Gal4; Figure 4 legend). Thus, differential reg- tion (summarized in Figure 6). Overexpression of Fas II
onmuscle stabilizes novel ectopic synapses. Differentialulation of Fas II expression on postsynaptic muscle can
dramatically bias normal synaptic growth and devel- expression can bias target selection such that growth
cones synapse on different muscles (summarized in Fig-opment.
These experiments were repeated with similar results ures 6 and 7). Our results define a critical period for
this function during the normal process of growth coneat muscles 12 and 13 (Figures 4D±4F). H94-Gal4 drives
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exploration. Overexpression of Fas II after this period
does not alter the pattern of synaptic connections but
does alter synaptic growth.
When motoneuron growth cones explore their target
muscle domain, they typically make filopodial contact
with many different muscles. During normal synapse
formation, many of these transient contacts are with-
drawn, and most motoneuron growth cones stabilize
their contacts with only one or a few muscle targets.
We suggest that by increasing the levels of muscle Fas
II, we have increased the number of filopodial contacts
that are stabilized and thus have induced an increase in
the number of contacts that transform into presynaptic
terminals. Once these contacts are stabilized, the syn-
aptic boutons they generate remain stable and physio-
logically functional throughout larval life.
In the Introduction, we presented two opposing mod-
els on how discrete target selection might be molecu-
larly specified. Each target selection model would give
rise to different predictions as to the outcome of certain
kinds of genetic perturbations. On the one hand, discrete
target selection might be specified in a rather hard-wired
fashion, such that each motor axon and its appropriate
target muscle might have unique and complementary
molecular labels. Alternatively, the process might in-
volve the combination of multiple, overlapping molecu-
lar cues, such that specificity emerges from a more
dynamic and malleable process. The genetic analysis
presented here argues for the second alternative. It is
difficult to reconcile these results with a model in which
target selection works ina lock-and-key fashion. Rather,
growth cones appear to respond to qualitative and
quantitative molecular differences on neighboring target
cells and to make their decisions based on the balance
of attractive and repulsive forces. By altering the relative
levels of Fas II on neighboring muscles, we can shift the
choice of target selection (Figure 7).
The results suggest that growth cones are not simply
responding to the absolute level of a given molecule
on a particular potential target but are comparing the
relative levels of this molecule (and presumably other
molecules as well) on neighboring cells. These resultsFigure 6. Summary of Fas II-Dependent Regulation of Synapse For-
mation suggest that target selection is not based on absolute
The organization of muscles 6, 7, 12, and 13 and their innervation attractants or repellents that either ensure or prevent
are diagrammed. Levels of Fas II expression are indicated by shades synapse formation but rather on the relative balance of
of gray. Embryonic stage 16 is diagrammed on the left and the these forces on any given cell in relationship to neigh-
stereotyped pattern of synaptic connections from embryonic stage
boring cells. This model of target selection is very similar17 through larval stages is diagrammed on the right. In the wild-
to how we view axon guidance in terms of a balancetype stage early 16 embryo ([A], left), Fas II is initially expressed at
of forces (Tessier-Lavigne and Goodman, 1996) and islow levels on all muscle and at higher levels on motoneurons, includ-
ing the segmental nerve, the intersegmental nerve, and the trans- consistent with previous results in this same system.
verse nerve (TN). Growth cones contact multiple muscles, but with-
draw many of these contacts and form stable synapses with specific
muscles. In the wild-type larvae ([A], right), the growth cones have Dynamic Changes in Fas II during
been transformed into a highly stereotyped pattern of synaptic con- Synapse Formationnections. Fas II expression both pre- and postsynaptically is local-
We previously showed that prior to synapse formation,ized to the synaptic boutons; Fas II disappears from the rest of the
Fas II is expressed at low levels across the surface ofmuscle surface. Overexpression of Fas II on all muscle in the embryo
([B], left) stabilizes novel ectopic synapticconnections that are main- all muscles, while during synapse formation, it concen-
tained at the mature larval NMJ ([B], right). Novel synaptic connec- trates at the synapse and disappears from the rest of
tions are stabilized and normal innervation in also altered. Differen- the muscle (Schuster et al., 1996a). In the present study,
tial expression of Fas II on subsets of muscle (muscles 6 and 13; we have used the GAL4-UAS system to overexpress[C] and [D], left) induces muscle-specific synapse stabilization ([C]
muscle Fas II, thus examining the consequences ofand [D], right). Novel ectopic synapses are stabilized, and normal
maintaining or elevating the level of Fas II on the musclesynaptic growth is biased onto muscles that express higher levels
of Fas II. surface during the period of synapse formation.
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the rest of the muscle. After denervation of adult muscle,
they observed a dramatic increase in NCAM mRNA in
the muscle and in the levels of NCAM protein across
the muscle surface. Based on these observations, they
proposed a model whereby NCAM made the surface
of muscles attractive for growth cone exploration and
synapse formation. Its decline after embryonic synapse
formation left the muscle refractory as a potential target
for further growth cone exploration. Upon denervation,
the muscle made its surface attractive again so that
motor axons could regenerate and form synapses once
again onto muscle.
Our results provide an experimental validation of their
hypothesis. We suggest that the localization of Fas II
during synapse formation serves two functions. First, it
increases the concentration of Fas II under certain
growth cones, thereby stabilizing those contacts as they
transform into presynaptic terminals. At the same time,
the decrease in the concentration of Fas II over the rest
of the muscle makes the muscle refractory to explora-
tion and synapse formation by other growth cones. In
this way, the first motor axons to form a synapse with
a muscle rapidly change the way in which later growth
cones can interact with that muscle. Previous results
have shown that when the normal events of synapse
formation are delayed or prevented, ectopic synapses
form on these muscles (Keshishian et al., 1994; Halfon
et al., 1995; Kopczynski et al., 1996). In the present
study, when we overexpress Fas II during embryogene-
Figure 7. Relative Levels of Fas II Control Target Selection
sis, although thenormal synapses form, we also observe
Shading shows relative levels of Fas II expression on muscles.
the same types of ectopic synapses. These results sug-Arrows indicate the direction and amount of synapse formation.
gest that there is normally a rate-limiting level of Fas(A) RP3 initially contacts both muscles 6 and 7 and then synapses
II on muscles. The first synapse to form then rapidlystereotypically on both muscles (arrows).
(F) RP5 initially contacts both muscles 13 and 12 and then synapses concentrates Fas II to the synapse, leading to a concom-
exclusively on muscle 12 (arrow). itant decrease in Fas II across the rest of the muscle.
(B and G) When the overall level of Fas II is decreased to 10% of As a result, additional growth cones are prevented from
normal in the FasIIe76 hypomorphic allele, the same specificity of
forming stable contacts.synaptic connections is observed, although the postembryonic
growth of the synapse, as measured by the number of synaptic
Fas II Is Required Both Pre- and Postsynapticallyboutons at third instar, is reduced (smaller arrows).
(C and H) When the overall level of Fas II is increased using the for Ectopic Synapses
GAL4-UAS transgenic system, ectopic synapses are observed, such We previously demonstrated that Fas II is required both
that RP3 continues to synapse on both muscles 6 and 7, while RP5 pre- and postsynaptically for the stabilization and main-
synapses predominantly on muscle 12 (as normal) but also forms
tenance of the neuromuscular synapse (Schuster et al.,some ectopic synapses on muscle 13.
1996a). In FasII null mutants, synapses form normally(D, E, I, and J) When the differential levels of Fas II on these two
but are retracted and ultimately eliminated during devel-pairs of muscles are changed, by increasing the levels of muscles
6 and 13 ([D] and [I]) and then by coupling this increase on muscles opment. In this null mutant background, only when Fas
6 and 13 with a simultaneous decrease on muscles 7 and 12 ([E] and II is transgenically resupplied in both motoneurons and
[J]), the specificity of synaptic connections is shifted progressively muscles is synaptic maintenance restored (Schuster et
toward the muscle with the higher levels of Fas II, such that RP3
al., 1996a). We have confirmed this requirement of Fassynapses predominantly on muscle 6 and RP5 synapses predomi-
II for the stabilization of ectopic synapses. Overexpres-nantly on muscle 13. See text for further discussion.
sion of Fas II in muscle and nerve in a FasII null back-
ground will stabilize normal and ectopic synaptic con-
Our results provide experimental confirmation for an nections. However, in experiments using transgenes
idea that was proposed by Sanes, Covault, and their which drive Fas II expression in a mosaic fashion, nerves
colleagues a number of years ago (Covault and Sanes, that do not receive transgenic Fas II in the null back-
1986; Covault et al., 1986, 1987; reviewed by Hall and ground are no longer able to form stable ectopic syn-
Sanes, 1993). They examined the distribution of NCAM apses.
(and other CAMs and extracellular matrix molecules as
well) on the surface of rat skeletal muscles prior to and Differential Fas II Expression Can Also
after synapse formation. They showed that NCAM was Regulate Synaptic Growth
initially expressed at modest levels over the entire mus- After synapse formation is complete, differential expres-
cle surface, but that after synapse formation, the level sion of Fas II continues tocontrol synaptic growth. Over-
expression of Fas II on muscle 6, but not muscle 7,of NCAM increased at the synapse but decreased over
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biases the growth and development of motoneurons It follows from this model that anything that helps
speed up or slow down these dynamic changes in Fasonto muscle 6. In such animals, by the third instar, the
amount of synaptic growth on muscle 6 far exceeds II levels will influence the likelihood that other ectopic
synapses will form. Neuronal activity may be able towhat is normally seen in wild type. Differential levels of
Fas II on different targets, and not simply the absolute modulate the rate of these events. For example, we
showed previously that Fas II expression at the synapselevel of Fas II on any one target, appear to drive this
bias in synaptic growth, since (1) the distribution of the can be down-regulated by increased neuronal activity
during larval development (Schuster et al., 1996b). It isnormal synapses between muscles 6 and 7 (or 12 and
13) is not altered by a uniform elevation of Fas II expres- possible that neuronal activity during synapse formation
helps drive the down-regulation of extrasynaptic Fas II;sion, and yet (2) the biased growth on muscle 6 is en-
hanced beyond that observed by overexpression of Fas and if so, the reduction in neuronal activity might slow
down the removal of Fas II from the muscle surface andII on muscle 6 by genetically decreasing the level of
Fas II on muscle 7, thus enhancing the proportional thus allow the stabilization of ectopic synapses.
difference in Fas II levels between muscles 6 and 7.
Experimental ProceduresThus, motoneurons respond to the differential expres-
sion of Fas II both by biasing their pattern of initial syn-
Genetic Stocksapse formation and by biasing their subsequent sprout-
The hypomorphic FasII allele FasIIe76 was described previously
ing and growth onto the muscles with higher levels of (Grenningloh et al., 1991). This line is viable and expresses z10%
Fas II. wild-type Fas II. UAS-FasII is a homozygous viable transgenic line
harboring a UAS-FasII (PEST1, transmembrane isoform) construct
on the second chromosome (D. Lin, unpublished data). MHC82-GAL4
is a homozygous viable GAL4 insert on the third chromosome (M.A Role for Activity in Modulating the Events
Winberg, unpublished data). MHC82-GAL4 drives expression at highof Synapse Formation
levels, specifically in muscles beginning at the first larval instar. ATo what extent does neuronal activity play a role in these
second P-element insert, MHC5-Gal4, was also used to control for
events? A role for neuronal activity was shown by the the site of P-element insertion. elav-Gal4 is a Gal4 insert on the
demonstration that reducing activity, either pharmaco- second chromosome that is balanced overCy0. elav-Gal43E1 is a third
chromosome insert generated by the mobilization of the secondlogically or genetically, increases ectopic innervation of
chromosome insert (A. DiAntonio, unpublished data). B185-Gal4 ismuscles 6 and 7 (Jarecki and Keshishian, 1995). Interest-
a homozygous viable GAL4 enhancer trap line that expresses in allingly, ectopic innervation of muscles 6 and 7 is twofold
motoneurons and muscles (second chromosome insert; Lin andhigher at uninnervated muscles compared with muscles Goodman, 1994). 24B-Gal4 is a homozygous viable insert on the
that are normally innervated, but by motoneurons with third chromosome that drives expression in all muscle from embry-
reduced activity. This suggests that the presence of onic stage 12 to the larval third instar. E105-Gal4 is an insert on the
second chromosome that is balanced by CyO and expresses in anormal innervation, rather than the activity-dependent
subset of muscle and nerve (D. Lin, unpublished data). H94-Gal4 issynaptic transmission at that synapse, may provide the
an insert on the third chromosome, balanced over TM3, that ex-main influence on the expression of the putative growth-
presses at high levels in muscles 4, 6, and 13 as well as in neuronspromoting signal emanating from the muscle and that
in the ISN and SN but not the TN (D. Lin, unpublished data). C109-
activity may somehow modulate this signal (Jarecki and Gal4 is an insert on the third chromosome that is balanced over
Keshishian, 1995). TM3 and expresses in a subset of muscle and nerve (D. Lin, unpub-
lished data). The expression of these Gal-4 lines was determinedWe propose that Fas II on the muscle surface may
by examining expression of b-galactosidase (UAS-B-galrep6) in therepresent this ªgrowth-promoting factorº that attracts
embryo (D. Lin, unpublished data) or by driving expression of UAS-ectopic innervation. Fas II-dependent ectopic synapses
FasII in the embryo and larvae. b-galactosidase expression wasare anatomically similar to those observed in experiments
assayed by staining embryos with anti-b-gal.
manipulating neuronal activity (Jarecki and Keshishian,
1995) as well as in experiments either preventing or Immunocytochemistry
The NMJ of third instar larvae at the wall-climbing stage were visual-delaying normal synapse formation (Keshishian et al.,
ized according to the methods presented by Schuster et al. (1996a).1994; Halfon et al., 1995; Kopczynski et al., 1996). Fur-
thermore, reducing neuronal activity has the same criti-
Quantification of Ectopic Synapses and Synaptic Sizecal period for ectopic synapse stabilization (Jarecki and
Synaptic boutons were visualized by staining with either anti-synap-
Keshishian, 1995) as does muscle overexpression of Fas totagmin (provided by T. Littleton and H. Bellen), which stains only
II. The events of synapse formation drive the localization synaptic boutons, or by double staining with anti-synaptotagmin
and anti-Fas II (MAb 1D4), which intensely stains synaptic boutonsof Fas II to the synapse and the rapid removal of Fas II
as well as lightly staining the nerve membrane. Type 1b and 1s andfrom the rest of the muscle surface, thus decreasing the
type II boutons could be clearly identified by the bouton sizes inprobability that other contacts will stabilize and form
chains of synaptic boutons.synapses. Target selection in this system is thus a more
Ectopic synapses were counted in segments A2±A5 in dissected
competitive process than was previously suspected. third instar larvae selected at the wall-climbing stage, with an aver-
The process is highly dynamic, and targeting decisions age of 7 segments analyzed per animal. A synapse was considered
ectopic on muscle 6 or 7 if it originated from anywhere other thanappear to be based both on the complement of recep-
the cleft between muscles 6 and 7. In general, it was possible totors expressed on the growth cone surface and on the
unambiguously identify the origin of the ectopic synapse. For exam-temporal relationship of whether thegrowth cone arrives
ple, most ectopic synapses on muscle 6 originate as collaterals fromfirst or after some other growth cone has already begun
the transverse nerve or as branches of the synapse on muscle 13.
to form a synapse. Thus, the target cell appears to dra- Bouton number was quantified onmuscles 6 and 7 at high magnifi-
matically change its receptivity during this period by cation (403) with Nomarski optics in abdominal segment 3 (A3).
Individual synaptic boutons can make simultaneous ultrastructuraldynamically altering its level of Fas II.
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connections with two muscle fibers (R. Fetter and C. S. G., unpub- Davis, G.W., Schuster, C.M., and Goodman, C.S. (1996). Genetic
dissection of structural and functional components of synaptic plas-lished data). Therefore, in counts that distinguish the number of
ticity. III. CREB is necessary for presynaptic functional plasticity.boutons on muscle 6 versus muscle 7, or muscle 12 versus muscle
Neuron 17, 669±679.13, single boutons that were in a position to contact both muscles
were considered in the counts for each muscle fiber. Every experi- Desai, C.J., Gindhart, G., Jr., Goldstein, L.S., and Zinn, K. (1996).
ment was performed on at least two independent crosses. In gen- Receptor tyrosine phosphatases are required for motor axon guid-
eral, female larvae were analyzed, except in experiments assaying ance in the Drosophila embryo. Cell 84, 599±609.
the presence of ectopic synapses in FasIIeB112, where male larvae Fambrough, D., and Goodman, C.S. (1996). The Drosophila beaten
were used as the experimental and control animals. path gene encodes a novel secreted protein that regulates defasci-
culation at motor axon choice points. Cell 87, 1049±1058.
Genetics Grenningloh, G., Rehm, E.J., and Goodman, C.S. (1991). Genetic
Transgenic expression of Fas II in subsets of muscle and nerve analysis of growth cone guidance in Drosophila: Fasciclin II func-
were achieved by crossing UAS-FasII homozygous flies to the Gal-4 tions as a neuronal recognition molecule. Cell 67, 45±57.
reporter lines (see Schuster et al., 1996a, 1996b for details of gener-
Halfon, M.S., Hashimoto, C., and Keshishian, H. (1995). The Dro-ating lines with multiple transgenes on wild-type and FasII mutant
sophila Toll gene functions zygotically and is necessary for properbackgrounds).
motoneuron and muscle development. Dev. Biol. 169, 151±167.
Hall, Z.W., and Sanes, J.R. (1993). Synaptic structure and develop-Physiology
ment: the neuromuscular junction. Cell/Neuron 72, 99±121.Whole muscle recordings were performed on muscle fiber 6 of A3
Jarecki, J., and Keshishian, H. (1995). Role of neural activity duringas previously described (Davis et al., 1996). Two electrode voltage-
synaptogenesis in Drosophila. J. Neurosci. 15, 8177±8190.clamp recordings were performed using an Axoclamp 2B (Axon
Instruments). Single electrode voltage-clamp recordings were ob- Keshishian, H., Chiba, A., Chang, T.N., Halfon, M., Harkins, E.W.,
Jarecki, J., Wang, L.S., Anderson, M.S., Cash, S., Halpern, M.E.,tained using an Axopatch 2000b (Axon Instruments). Data were digi-
and Johansen, J. (1994). Cellular mechanisms governing synaptictized and recorded to disk using a Digidata 1200 analog-to-digital
development in Drosophila melanogaster. J. Neurobiol. 24, 757±787.board and PCLAMP software (Axon Instruments). The sequential
recruitment of MNs contacting muscle 6 was achieved by gradually Kolodziej, P.A., Timpe, L.C., Mitchell, K.J., Fried, S.R., Goodman,
increasing the stimulus strength, beginning subthreshold, until the C.S., Jan, L.Y., and Jan, Y.N. (1996). frazzled encodes a Drosophila
maximal response amplitude was observed. Single boutons were member of the DCC immunoglobulin subfamily and is required for
visualized and recorded from within 0.5 mM Ca21 HL3 saline as CNS and motor axon guidance. Cell 87, 197±204.
previously described (Davis et al., 1996). Kopczynski, C.C., Davis, G.W., and Goodman, C.S. (1996). A neural
tetraspanin encoded by late bloomer that facilitates synapse forma-
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